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Terahertz (THz) spectroscopy can potentially be used to probe and characterize
inhomogeneous materials, however spectroscopic identification of such materials
from spectral features of diffuse returns is a relatively underdeveloped area of
study. In this thesis, diffuse THz scattering from granular media is modeled
by applying radiative transfer (RT) theory for the first time in THz sensing.
Both classical RT theory and dense media radiative transfer (DMRT) theory
based on the quasi-crystalline approximation (QCA) are used to calculate dif-
fuse scattered intensity. The numerical solutions of the vector radiative transfer
equations (VRTE) were coded and calculated in MATLAB.
The diffuse scattered field from compressed Polyethylene (PE) pellets con-
taining steel spheres was measured in both transmission and reflection using a
THz time domain spectroscopy (THz-TDS) system. Measurement results showed
energy redistribution by granular media due to volume scattering as well as angle
dependent spectral features due to Mie scattering. The RT model was validated
by successfully reproducing qualitative features observed in experimental results.
Diffuse intensity from granular media containing Teflon, lactose sugar, and
C4 explosive was then calculated using the RT models. Simulation results showed
i
the amplitude of diffuse intensity is affected by factors such as grain size, frac-
tional volume of grains, thickness of scattering layer, and scattering angles. Spec-
tral features were also observed in the diffuse intensity spectra from media con-
taining grains with THz spectral signatures. The simulation results suggest the
possibility of identifying materials from diffuse intensity spectra.
ii
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The terahertz (THz) frequency band lies between the neighboring microwave
and mid-infrared bands in the electromagnetic (EM) spectrum. While the mi-
crowave and optical regions of the spectrum have been thoroughly utilized, the
THz band has only recently been explored owing to recent advances in ultrafast
optoelectronics and micro-scale semiconductors which have allowed the develop-
ment of sufficiently efficient THz sources and sensitive THz detectors [1, 2]. THz
radiation has shown great potential for a variety of applications such as medical
imaging, security screening, and communications [3, 4, 5, 6, 7, 8].
THz spectroscopy has been shown to be useful for probing and characterizing
inhomogeneous materials (such as concealed explosives and illegal drugs, layered
media, etc.) [5, 6]. Many materials of interest (i.e. explosives and chemical
and biological substances) have characteristic spectral features (fingerprints) in
THz frequency region, enabling the identification of such materials. THz waves
also penetrate through non-polar materials such as clothing and packaging. In
addition, THz radiation is nonionizing and is safe to use on live biological tissues
at low power levels. This combination of properties makes THz attractive for
detection of concealed drugs and/or explosives in the mail system or in airport
1
security screening.
Recent work suggests scattering may affect the spectral returns from tar-
get materials in real-world scenarios [9, 10, 11, 12, 13]. The effect of rough
surface scattering on THz reflection spectra from explosive materials has been
investigated using the Kirchhoff approximation (KA) and small perturbation
method (SPM) models [12]. Diffuse scattering from lactose samples [11, 13] and
some explosives and related compounds (ERCs) with rough surfaces have also
been measured [9]. In addition to rough surface scattering, volume scattering
from granular inhomogeneities is likely to influence the spectral returns.
For example, commonly used plastic explosives contain explosive crystals and
air voids in a plastic filler. The crystals and air voids are on the order of hundreds
of microns in size – the same scale as THz wavelengths. This is likely to result in
a significant amount of volume scattering, which will have a frequency dependent
effect on the spectral returns.
To date, there has been relatively little investigation into THz scattering
from granular media. THz scattering from granular materials has been studied
using dense media theory and THz transmission measurements [10]. In addition,
the extinction coefficient of different sized grains have been measured in trans-
mission mode and compared to Mie theory predictions [14]. The propagation of
coherent THz waves in a random medium consisting of Teflon spheres has also
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been measured as a function of the length of the medium and the scattering
mean free path has been extracted [15]. Finally, THz propagation in strongly
scattering random dielectric media has been investigated as well, using a Monte
Carlo model and transmission measurements [16]. All these works explored at-
tenuation of coherent energy due to scattering effects in granular random media
from transmission measurements.
In contrast, this thesis focuses on the modeling and measurement of diffuse
scattering from volume scattering. When EM waves propagate through a dis-
crete random medium, scattering occurs due to inhomogeneities, resulting in a
decrease in the coherent field and a corresponding increase in the incoherent
field. The incoherent field also increases with optical depth and albedo. In
extreme cases, the coherent returns may not be strong enough to provide any
useful information about the medium’s material properties, necessitating the use
of the incoherent, diffuse returns instead. Also, the scattering angle-dependent
diffuse volume scattering may influence the scattering angle dependent diffuse
rough surface scattering.
Volume scattering in random media has been investigated extensively in mi-
crowave and optical ranges. Volume scattering of THz waves, however, has
not received the same attention due to high absorption and the longer wave-
lengths [17]. Recently the diffuse scattering of THz radiation has been measured
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using Teflon grains [18], and has since become an important concern [17]. The
study of diffuse volume scattering of THz radiation is therefore in its infancy.
Also, the identification of spectral features from the diffuse scattering in homo-
geneous materials has not yet been considered.
1.1 Thesis Work
The focus of this thesis is modeling the THz scattering in granular media using
radiative transfer (RT) theory and validating the RT model with measurements.
Knowledge of THz volume scattering effects on measured spectra will help re-
searchers develop spectroscopic identification and/or classification algorithms for
future THz detection systems. Both classical radiative transfer (RT) theory for
independent scattering and modified radiative transfer for dense media are used
to model these diffuse scattering effects. This work constitutes the first time RT
theory has been applied to THz spectroscopic sensing.
Numerical solutions of the radiative transfer equation (RTE) are derived for
the case of random media with plane-parallel boundaries as is commonly done
in the literature. The solutions are then implemented numerically in MATLAB
with various parameters.
Samples consisting of 1 mm diameter steel spheres embedded in polyethy-
lene (PE) were prepared and measured in both transmission and reflection modes
4
to validate theoretical predictions. The transmitted diffuse field resulting from
illuminating the samples with normally incident THz radiation was measured
at various scattering angles using a THz time domain spectroscopy (THz-TDS)
system. The reflected diffuse field at oblique incidence is also measured near the
backscattering angle.
1.1.1 Contributions
• Implemented numerical solutions of the radiative transfer equation in MAT-
LAB
• Validated predictions of RT model by comparison to measurement results
from multiple samples with different volume inclusions
• Explored diffuse volume scattering from granular media containing Teflon,
C4 explosive, and lactose sugar using RT models
1.2 Thesis Summary
Chapter 2 explores the propagation and scattering of electromagnetic waves in a
medium containing spherical particles, and its mathematical description through
classical radiative transfer theory and dense media radiative transfer theory.
Chapter 3 presents the experimental results with samples containing steel
spheres obtained using a THz-TDS system before comparing the experimental
5
data and simulation results.
Chapter 4 compares simulation results from RT models using Teflon, which
is almost transparent, to results using lactose and C4, which have spectral sig-
natures in THz.




Analytical wave theory and radiative transfer (RT) theory are two methods
used to solve scattering problems in discrete random media. The application of
analytical theory to real-world problems may be complicated due to the fact that
it is based on a rigorous solution to electromagnetic wave theory, including the
multiple scattering, interference effects, and diffraction. On the other hand, RT
theory is simple and practical as it uses the addition of power instead of fields
and assumes independent scattering [19].
Dense media radiative transfer (DMRT) theory takes into account corre-
lated scattering effects and has the same form as the radiative transfer equation.
DMRT is useful in dense media, where the correlation between particles cannot
be ignored [20]. In this chapter, the RT theory and DMRT will be used to study
the diffuse scattering from a medium containing randomly distributed particles.
Section 2.1 will introduce the classical RT theory. The basic concepts of
transport of intensity in a medium containing scatterers are presented, the vec-
tor radiative transfer equation (VRTE) for the plane-parallel problem is then
introduced, followed by the solutions of the VRTE. Section 2.2 describes the
DMRT theory based on the quasi-crystalline approximation (QCA).
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2.1 Radiative Transfer Theory
Radiative transfer theory was originally used to study stellar radiation in astro-
physics [21], but its use has since spread to other fields. One main application
is active and passive microwave remote sensing of terrain, particularly for plane
parallel geometries [22, 23].
RT theory is derived from the transport of energy (or intensity) and it as-
sumes independent scattering. An important quantity in RT theory is the spe-
cific intensity, which is defined as the average power flux density within a unit
frequency within a unit solid angle, and its unit is [W m−2 sr−1Hz−1] (sr = stera-
dian) [19]. When an electromagnetic wave passes through a random medium in
a certain direction containing many particles whose refractive index is different
from that of the background medium, the incident wave is attenuated due to
both absorption and scattering in the medium, but received power increases due
to redistribution of the scattered wave from other directions into the direction of
observation as shown in Figure 2.1. In RT theory, the specific intensity quantifies
this loss or gain in the incident wave in terms of the extinction coefficient, which
represents loss of the specific intensity, and the phase matrix, which represents
gain in the specific intensity.
8
Figure 2.1: The incident intensity Iin in the direction (ŝ) passes through a small
volume dV containing particles and is attenuated while the intensity I from the
direction (ŝ′) scatters intensity into the direction (ŝ). The transmitted intensity
Iout is the summation of the attenuated incident intensity from the (ŝ) direction
and the scattered intensity from the (ŝ′) direction.
2.1.1 Vector Radiative Transfer Equation
The vector radiative transfer equation (VRTE) for a plane-parallel medium is
used to model the diffuse intensity for discrete random media illuminated by
a terahertz source. Consider an incident electromagnetic plane wave imping-
ing obliquely on a plane-parallel slab containing spherical particles as shown
in Figure 2.2. In this thesis, particles or grains will be assumed as spheres.
The differential change in specific intensity with distance along the direction of
propagation is expressed in the form of the VRTE as follows [22]:
9
Figure 2.2: The geometrical configuration of a plane wave incident on a slab of










dθ′ sin θ′ P (θ, φ; θ′, φ′) Ī(θ′, φ′, z).
(2.1)
In (2.1), Ī(θ, φ, z) is the specific intensity, which is a vector of four components
representing the four Stokes parameters, Iv, Ih, U , and V . The Stokes parameters
are given by [24]
Iv = ∣Ev ∣
2
η










where η = √µ
ǫ
is the wave impedance. In (2.1), κe is called extinction coeffi-
cient, which is the summation of the scattering coefficient (κs) and absorption
coefficient (κa), κe = κs + κa. Because independent scattering is assumed, the
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scattering coefficient can be written as κs = no σs, where no is the number of
particles per unit volume and σs is the scattering cross section for a particle.
The absorption coefficient is divided into absorption in the particles and in the
background medium, κa = κap +κab. The absorption in the particles can be writ-
ten as κap = no σa, where σa is the absorption cross section for a particle. The
scattering cross section and the absorption cross section for a single particle, σs












(2n + 1) {Re(an + bn)} ,
σa = σt − σs, (2.3)
where an and bn are scattering coefficients for a sphere. The absorption in
the background medium can be written as κab = 2k′′b (1 − fv), where k′′b is the
imaginary part of the propagation constant of the background medium and fv
is the fractional volume of the particles in the particle-background mixture.
P (θ, φ; θ′, φ′) is a 4 × 4 phase matrix, which represents the link between the
scattered intensity into the direction (θ, φ) from the incident intensity in the
direction (θ′, φ′) (see Appendix A), where 0 < θ < π and 0 < φ < 2π.
Initial conditions and boundary conditions are required to solve Equation (2.1).
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The incident wave in region 0 is given by
Ī0i(π − θ0, φ0, z = 0) = F̄oδ(cos θ0 − cos θ0i)δ(φ0 − φ0i), (2.4)
where F̄o is the amplitude vector of the incident power flux in the direction (θ0i, φ0i).
The boundary conditions are given as
Ī−(π − θ, φ, z = 0) = R10(θ)Ī+(θ, φ, z = 0) + T 01(θo)Ī0i(π − θ0, φ0, z = 0),
Ī+(θ, φ, z = −d) = R12(θ)Ī−(π − θ, φ, z = −d), (2.5)
where 0 < θ < π/2, and intensities are divided into upward intensity Ī+ and
downward intensity Ī−. The reflectivity matrix Rab and the transmissivity matrix
T ab express the relations between the incident and reflected Stokes vectors and
between the incident and transmitted Stokes vectors, respectively, at a planar
interface between medium a and medium b (a, b = 0, 1, 2) with the refractive
indices of na and nb, respectively [24]. The subscript a represents the first
medium and the subscript b represents the second medium. The reflectivity
matrix and the transmissivity matrix are presented in detail in Appendix B.
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2.1.2 Reduced Intensity
The specific intensity can be separated into the reduced intensity and the diffuse
intensity [19]. The reduced intensity represents the coherent intensity as shown in
Figure 2.3(a). Mathematically, it is the zeroth-order solution of Equation (2.1),




Īri(θ, φ, z) = −κeĪri(θ, φ, z), (2.6)
which, with boundary conditions from (2.5), gives the reduced intensity in closed
form;
Ī+ri(θ, φ, z) = exp [−κe(z + 2d) sec θ]F (θ)R12(θ)T 01(θo)Īoi(π − θo, φo),
Ī−ri(π − θ, φ, z) = exp(κez sec θ) F (θ)T 01(θo)Īoi(π − θo, φo), (2.7)
where F = [U −R10(θ)R12(θ) exp(−2κed sec θ)]
−1
is a matrix that characterizes
the effect of the dielectric slab [27]. Thus this solution assumes infinite reflections
from the upper and the lower boundaries.
As shown in Figure 2.3(a), some amount of incident intensity is reflected at
the upper boundary, resulting in reflected intensity (Ir). The rest enters the
second medium, which contains particles, and is attenuated as it passes through
the medium, resulting in reduced intensity (Iri). The upward going reduced
13
intensity in region 0 is given by Ī+ri,0 = T 10 Ī+ri, while the downward going reduced
intensity in region 2 is given by Ī−ri,2 = T 12Ī−ri.
(a) Reduced Intensity
(b) Diffuse Intensity
Figure 2.3: Diagram of (a) the reflected intensity, Ir, reduced intensity, Iri, and
(b) diffuse intensity, Id observed from a slab containing particles illuminated by
an obliquely incident intensity.
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2.1.3 Diffuse Intensity
The diffuse intensity represents the incoherent intensity traveling in all directions
as shown in Figure 2.3(b). The upward going diffuse intensity in region 0 is
Ī+d,0 = T 10Ī+d and the downward going diffuse intensity in region 2 is Ī−d,2 = T 12Ī−d .
The equation for the diffuse intensity is obtained by substituting I = Iri + Id
into Equation (2.1) and then subtracting Equation (2.6). The radiative transfer










dθ′ sin θ′ P (θ, φ; θ′, φ′) Īd(θ′, φ′, z)
+ P (θ, φ; θ1i, φ1i)J̄1(θ1i, φ1i) exp [−κe (z + 2d) sec θ1i]
+ P (θ, φ;π − θ1i, φ1i)J̄2(θ1i, φ1i) exp(κe z sec θ1i), (2.8)
where θ1i is the transmitted angle associated with the incident angle θ0i from
medium 0 to medium 1 (obtained using the Snell’s law), and J̄1 and J̄2 are given
by








F (θ1i)R12(θ1i)T 01(θ0i)Ī1i(π − θ1, φ1),








F (θ1i)T 01(θ0i)Ī1i(π − θ1, φ1), (2.9)
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where Ī1i(π − θ1, φ1) = F̄oδ(cosθ1 − cosθ1i)δ(φ1 − φ1i) and θ1 is the transmitted
angle θ0 and φ1 = φo.
The third and the fourth terms of the right-hand side in Equation (2.8)
represent the source of diffuse intensity from the incident intensity of a single
scattering event. The single scattering solution can be calculated by removing
the integral term which accounts for multiple scattering. Shin [22] calculated
the first and second order solutions for Rayleigh particles by using an iterative
method. Higher order solutions cannot be obtained analytically, so numerical
methods are utilized to obtain the complete solution. Equation (2.8) is solved
with boundary conditions for diffuse intensity,
Ī−d (π − θ, φ, z = 0) = R10(θ)Ī+d (θ, φ, z = 0),
Ī+d (θ, φ, z = −d) = R12(θ)Ī−d (π − θ, φ, z = −d). (2.10)
The numerical solution for diffuse intensity is explained briefly in Appendix C.
2.2 Dense Media Radiative Transfer Theory
Radiative transfer theory is applicable to practical problems involving multiple
scattering because of its mathematical simplicity. However, using an independent
scattering assumption limits its use to low fractional volume of particles. As
the fractional volume of particles increases, the scattering will be influenced by
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the coherent wave interaction among the particles. The dense media radiative
transfer (DMRT) theory has been developed for the propagation and scattering
of waves in dense media and applied to the microwave remote sensing of snow [28,
29]. In contrast to the classical radiative transfer theory, DMRT does not start
with the transport of energy but is derived from electromagnetic wave theory
based on the quasicrystalline approximation, with coherent potential (QCA-CP)
for small particles and quasicrystalline approximation (QCA) for moderate size
particles [20, 27, 28, 30, 31]. However, the DMRT retains the form of the classical
radiative transfer equation, so the numerical solution for diffuse intensity can be
calculated in the same method [20].
2.2.1 Independent Scattering and Correlated Scattering
Figure 2.4 illustrates the comparison between independent scattering and QCA
in a medium containing discrete scatterers [32]. For the independent scatter-
ing, the extinction rate is linearly proportional to the fractional volume, which
is not physical as fractional volume increases. For instance, when particles oc-
cupy the whole volume, scattering does not occur because the medium becomes
homogeneous [33].
Table 2.1 shows four classes of random discrete scatterers. In dense media,
the particle positions are correlated. Thus the imaginary part of the effective
propagation constant (Ki), which is the attenuation rate due to scattering and
17


























Figure 2.4: Extinction rate as a function of fractional volume for Teflon spheres
(dashed line: independent scattering, solid line: QCA): ns = 1.355, nb = 1.33,
a = 0.075 µm, λ = 0.6328 µm, ka = 0.99. This plot is reproduced from [32].
absorption, is not linearly proportional to the fractional volume of particles. Es-
pecially in non-tenuous media, the real part of the effective propagation constant
of the scatterers (Kr) are considerably different from that of the background
medium [33].
These facts show that as the fractional volume of particles increases, indepen-
dent scattering is not appropriate and correlated scattering must be considered.
2.2.2 Pair Distribution and Structure Factor
In this thesis, the DMRT based on QCA from [29] is used to model high frac-
tional volume granular media. Most of procedures follow the reference except a
pair distribution function. A pair distribution function is related to a joint prob-
ability distribution of two particles’ positions [33]. While the pair distribution
18
Table 2.1: Four classes of random discrete particles from [33]
Dielectric Relation
Class property Particle Particle Kr of Ki
of particles concentration positions with fv
A tenuous sparse independent ≅ kb linear
B non-tenuous sparse independent ≅ kb linear
C tenuous dense correlated ≅ kb nonlinear
significantly
D non-tenuous dense correlated different nonlinear
from kb
function for adhesive particles was used in the reference, the pair distribution
function for impenetrable spheres is used in this thesis. The Percus-Yevick (PY)
approximation is used for the pair distribution function for impenetrable spheres
to present the correlations of particle positions. The PY approximation is the
closed form solution of the Ornstein-Zernike equation. Details are in [33, 34].
The positions of particles in a medium affect the scattering of electromagnetic
waves [33]. As shown in Figure 2.5(a), when the particles are located far away
from each other, the pair distribution function is close to unity and independent
scattering occurs. However, when the particles approach each other, the pair
distribution function fluctuates and two particles are not independent. As the
fractional volume increases, two particles are less independent. The Fourier
transform of the pair distribution is the structure factor, which is proportional
to the phase matrix. As depicted in Figure 2.5(b), the structure factor fluctuates
19


































Figure 2.5: (a) Pair distribution function and (b) structure factor for hard
spheres with the diameter of 1 mm
more as the fractional volume of particles increases.
2.2.3 Quasi-Crystalline Approximation
This section presents a brief overview of DMRT based on QCA. Details can be
found in [20, 29]. For an incident plane wave impinging on a medium consisting
of N identical spherical particles, the field exciting the lth particle is the sum of
the incident wave and the scattered wave from all the other particles j (j ≠ l).
Using the Foldy-Lax multiple scattering equation in matrix form, the exciting








w(j) + eiki⋅rlainc, (2.11)
where σ(krlrj) is a matrix that represents vector translation formula from the
center of the lth particle to the center of the jth particle, ainc is a vector repre-
senting the coefficient of the incident wave when expanded into spherical waves,
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and T is the T-matrix for the particles. The T-matrix is used to describe the
linear relationship between the scattered field coefficients and the exciting field
















2jn (kpa) [kajn (ka)]́ − k2a2jn (ka) [kpajn (kpa)]́
k2pa
2jn (kpa) [kahn (ka)]́ − k2a2hn (ka) [kpajn (kpa)]́
T
(M)
n = − jn (kpa) [kajn (ka)]́ − jn (ka) [kpajn (kpa)]́
jn (kpa) [kahn (ka)]́ − hn (ka) [kpajn (kpa)]́ (2.13)
where jn is the spherical Bessel function and hn is the spherical Hankel function.
The subscript p denotes a particle, kp is the propagation constant inside of the
particle, and k is the propagation constant in the background medium.
Equation (2.11) is calculated using conditional averaging, and then the aver-
aging exciting field under QCA is given as [20]
w(rl) = no∫
zj>0
drjg(rj − rl)σ(krlrj)Tw(rj) + eiki⋅rlainc, (2.14)
where no is the number of spheres per volume, g(rj − rl) is the pair distribution
function, and w(rl) is the conditional average of the exciting field of particles
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at rl.
The above equation is expanded into vector spherical waves, which are a










(2n + 1)[Lp(k,K/b) +Mp(k,K/b)]
× [T (M)n X(M)n a(1, n∣ − 1, ν∣p)A(n, ν, p)










(2n + 1)[Lp(k,K/b) +Mp(k,K/b)]
× [T (M)n X(M)n a(1, n∣ − 1, ν/p, p − 1)B(n, ν, p)
+ T (N)n X(N)n a(1, n∣ − 1, ν∣p)A(n, ν, p)]. (2.16)





a homogeneous system of equations. The ratios of exciting field coefficients are
determined by forcing the determinant to zero, and the propagation constant
K is solved numerically by searching for the roots of the determinant by using
Muller’s method. Details can be found in [20].
The effective propagation constant and the ratios of exciting field coefficients
22
are substituted into Ewald-Oseen theorem [20],





(T (M)n X(M)n + T (N)n X(N)n )(2n + 1), (2.17)
to obtain a single set of exciting field coefficients.
The absorption coefficient is calculated by using the coherent exciting field















× [−T (M)n X(M)n + T (N)n X(N)n ]. (2.19)
The phase matrix for dense media radiative transfer theory is in Appendix A.




dΘ(P11(Θ) + P22(Θ)) sinΘ, (2.20)
where P11(Θ) and P22(Θ) are the first two diagonal components of the phase
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matrix. The extinction coefficient due to the particles is calculated by adding
the scattering coefficient and the absorption coefficient.
2.2.4 DMRT Equation and Its Solutions
The extinction coefficient and phase matrix for DMRT theory were obtained in
the previous section. The DMRT equation was derived from the Bethe Salpeter
equation by using the correlated ladder approximation for the incoherent field
as in [20]. The form of the DMRT equation is the same as the RT Equa-
tion (2.1). The effective propagation constant and effective permittivity in the
second medium are used in DMRT theory instead of the propagation constant
and the permittivity of the background medium. The reduced intensity and the
diffuse intensity can be obtained through the same procedure as in classical RT
theory.
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2.3 Conservation of Energy
The classical radiative transfer (RT) theory deals with the transport of energy
through a medium containing randomly distributed particles. If the medium
and the particles are lossless materials, the input power will be conserved and
then the output power will be the same as the input. The DMRT theory based
on QCA also takes into account energy conservation. The accuracy of the RT
solutions and their computer program codes was verified by testing the conser-
vation of energy as shown in Figures 2.6 and 2.7. The summation of the reflected
power flux, the upward and downward reduced power flux, and the upward and
downward diffuse power flux is the same as the incident power flux in both the
classical RT and DMRT/QCA models as shown in Figures 2.6(a) and 2.7(a),
respectively. The reduced power flux decreases with an increase in frequency
and the diffuse power flux increases with frequency as shown in Figures 2.6(b)
and 2.7(b). The amount of decrease in the reduced power flux is the same as the
amount of increase in the diffuse power flux since the reflected power flux does
not change with frequency.
25
The power flux from the incident intensity, reflected intensity, reduced inten-



























































d,2 µ2 dµ2 dφ2,
(2.21)
where α is a superscript denoting one of the four parameters of a Stokes vector,
v, h, U , and V ; and µ = cos θ. The subscripts 0 and 2 denote region 0 and region
2, respectively.
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(b) Fri and Fd
Figure 2.6: Conservation of power in classical RT model: (a) incident power
flux (Fi) and the summation of reflected power flux (Fr), reduced power flux
(Fri), and diffuse power flux (Fd), and (b) (upper) reduced power flux and (lower)
diffuse power flux for fv = 5%, a = 50 µm, d = 5 mm, n0 = 1, n1 = 1.3, n2 = 1,
np = 1.5, and normal incidence (θi = 0○).



















































(b) Fri and Fd
Figure 2.7: Conservation of power in DMRT based on QCA model: (a)
incident power flux (Fi) and the summation of reflected power flux (Fr), reduced
power flux (Fri), and diffuse power flux (Fd), and (b) (upper) reduced power
flux and (lower) diffuse power flux for fv = 20%, a = 50 µm, d = 5 mm, n0 = 1,
n1 = 1.3, n2 = 1, np = 1.5, and oblique incidence (θi = 31.21○).
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Chapter 3
Terahertz Measurement and Results
In this chapter, experimental data will be compared with simulation results
to validate the RT models. The diffuse scattered field in both transmission
and reflection modes were measured using a THz-TDS system. The classical
RT model for plane-parallel medium was used to simulate the diffuse specific
intensity.
3.1 Sample Preparation
Two samples were prepared for diffuse measurements as shown in Table 3.1. The
material for the background medium was Polyethylene (PE) powder whose size
is less than 10 µm in diameter. Steel spheres were used as scatterers and their
size is 1 mm in diameter. The PE powder containing steel spheres was pressed
with a Specac hydraulic press at 1 ton for 1 minute, resulting in pellet samples
with a diameter of 4 cm as shown in Figure 3.1.
Fractional Thickness
volume (%) (mm)
Sample 1 2 5
Sample 2 3.2 9.5
Table 3.1: Fractional volume of metal spheres, fv, and the thickness, d, of two
pellet samples
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Figure 3.1: Compressed PE powder pellets containing steel spheres: sample 1
(left) and sample 2 (right).
3.2 Measurement Process and Data Analysis
The measurements were performed using a Picometrix T-Ray 4000 time domain
spectroscopy (TDS) system. Both the transmitter and receiver used collimating
lenses. The terahertz beam was vertically polarized and the receiver detected
vertically polarized beams. In this experiment, 36 realizations for each sample
pellet were carried out. Half of the 36 realizations were for one side of the sample
and half were for the other. For the 18 realizations per side, the sample was
rotated in equal angle increments through 360 degrees. Coherent averaging of
multiple waveforms lowers the noise floor, increasing SNR. In these data, 10,000
time-domain waveforms were averaged for each diffuse scattering realization.
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3.2.1 Transmission Measurements
Figure 3.2 shows the configuration of the transmitter, the receiver, and the spe-
cial sample holder in transmission mode. The sample holder was mounted to the
motion stage. Transmission measurements at normal incidence were conducted
at 180, 160, 140, and 120 degrees from the zenith angle. A measurement without
samples also was carried out at 180 degrees as a reference to normalize the data.
Figure 3.2: Experiment setup for transmission measurement at a normal inci-
dence, θi = 0○ and θs = 140○.
Figure 3.3 shows the THz waveforms measured in transmission mode at nor-
mal incidence in the time domain. By comparing curve (a) to curve (c), we
can see that the THz pulse was delayed and attenuated because of the sample.
Since PE is almost transparent in the THz frequency range, the main cause of
the attenuation is due to scattering from the steel spheres embedded in the PE
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sample. Curves (d)-(g) are 4 of the 36 diffuse scattered field realizations with
each realization showing its unique waveform. The curve (b) shows the measured
waveform without samples, and indicates the effect from the side lobe of THz
beam at θs = 160○.

















Figure 3.3: The transmission measurement at normal incidence (θi = 0○): (a)
THz waveforms with no sample at θs = 180○ and (b) no sample at θs = 160○.
(c) The transmitted waves through sample 2 at θs = 180○. (d) - (g) The diffuse
scattered waves from sample 2 at θs = 160○ (different realizations). The curves,
(a) and (c) were scaled by a factor of 0.015.
Sample Scattering Angle (○)
(a) no sample 180
(b) no sample 160
(c) sample 2 180
(d)-(g) sample 2 160
Table 3.2: The samples used and the scattering angles observed for THz wave-
forms in Figure 3.3.
The time domain waveforms were transformed to the frequency domain by
performing a fast Fourier transform (FFT). Figure 3.4 shows the THz spectra in
the frequency domain that were transformed from the time domain waves from
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Figure 3.3. The diffuse waveforms and their power spectral densities at different
scattering angles in transmission mode have the similar trend to those in Figures
3.3 and 3.4. All the power spectral densities for diffuse scattered waves (curves
(d) - (g)) show some fluctuation but they are at approximately the same level.
The frequency domain spectra for the 36 realizations were averaged, but the
average spectrum still showed some random fluctuation. It was not practical
to measure enough realizations to completely eliminate incoherent effects and
get to the mean scattered intensity. Therefore, the data was smoothed by using
linear least squares and a 2nd degree polynomial model. The averaged frequency
domain data was then normalized by dividing them by the reference which was
measured without samples at θs = 180○.




























Figure 3.4: The power spectral density of the waves (a) - (g) in Figure 3.3.
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3.2.2 Reflection Measurements
Figure 3.5 shows the configuration of the transmitter, the receiver, and the
sample holder in reflection mode. Reflection measurements with an angle of
incidence of θi = 29○ were taken at the specular angle (θs = 29○) and at an off-
specular angle, θs = − 6○. A specular reflection measurement from a smooth
copper sheet was conducted (θs = 29○) and was used as the reference for the
reflection measurements.
Figure 3.5: Experiment setup for reflection measurement at an oblique incidence,
θi = 29○ and off-specular measurement, θs = −6○.
Figure 3.6 shows the THz waveforms measured in reflection mode in the time
domain. The curves (a) and (c) show the specular angle measurements from cop-
per sheet and sample 1, respectively. In curve (c), the first pulse is the reflected
wave which is reflected from the upper boundary surface of the sample and the
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second pulse is the reflected wave arising from the lower boundary surface. The
second pulse has lower amplitude than the first pulse. Assuming there was no
absorption or scattering in the background medium (PE), the attenuation is
most likely because of the metal scatterers in the pathway of the coherent wave.
The curves (d) - (f) are 3 of the 36 diffuse scattered field realizations, and curve
(b) shows the measured waveform without samples at θs = −6○.
















(× 0.015) (c) (2)
Figure 3.6: The reflection measurement at oblique incidence (θi = 29○): (a) the
specular reflection from a copper sheet (θs = 29○) and (b) the off-specular angle
(θs = −6○) measurement from a copper sheet. (c) The reflected waves at the
upper boundary (1) and at the lower boundary (2) of sample 1. Curves (d) -
(f) show the diffuse scattered waves for 3 of the 36 realizations from sample 1 at
off-specular angle (θs = −6○). The curve, (a) was scaled by a factor of 0.01, and
the curve, (c) was scaled by a factor of 0.015.
Sample Scattering Angle (○)
(a) copper 29
(b) copper -6
(c) sample 1 29
(d)-(g) sample 1 -6
Table 3.3: The samples used and the scattering angles observed for THz wave-
forms in Figure 3.6.
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Figure 3.7 shows the THz spectra in the frequency domain that were trans-
formed from the time domain waves from Figure 3.6 using an FFT.




























Figure 3.7: The power spectral density of the waves (a) - (f) from Figure 3.6.
The curve (c-1) is the power spectral density from the first pulse and the curve
(c-2) is that from the second pulse in time domain waveforms for sample 1.
The frequency domain spectra for the 36 realizations were averaged, and
then smoothed in a manner similar to that used for the transmission measure-
ments. The averaged frequency spectra were normalized by dividing them by
the reference measurement.
3.3 Modeled Transmission and Reflection Response
In this section, the numerical solutions of the classical RT equation for a plane
parallel slab is used to model the compressed PE pellets containing randomly
distributed metal spheres. The parameters needed to calculate the specific in-
tensity for the two samples are the sphere size with radius a = 500 µm, the
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refractive index of the sphere, np, the refractive indices of the surrounding me-
dia n0 = 1 and n2 = 1, and the background medium n1 = 1.46. The sample
thickness and fractional volume of the metal spheres are given in Table 3.1.
Because the refractive index of steel in the THz frequency range was not
known, it was assumed to be np = 300+ i1000 which is an approximate value for
gold in THz frequency region from [35].
The calculated size parameter, albedo, and optical depth are in Table 3.4.
The size parameter ka is 1.5 to 15.3 at 0.1 THz to 1 THz, respectively (where
k is the propagation constant in the background medium (PE) and a is the
radius of the particles). Thus, the metal spheres are in the Mie regime for these
experiments. The albedo, which is the ratio of the scattering efficiency to the
extinction efficiency, is approximately 0.9. The optical depth (τ = κe × d) is
approximately 0.33 for sample 1, and 1 for sample 2.
size parameter albedo optical depth
(ka) (Qsca/Qext) τ = κe × d
sample 1 3.1 - 15.3 0.33
0.9
sample 2 (at 0.2 - 1 THz) 1
Table 3.4: Size parameter, albedo, and optical depth for samples
Diffuse scattering from air voids in the PE powder must also be considered.
Even though the PE powder is pressed and densely packed, void spaces will be
created among the PE grains [10]. Assuming the air voids are spherical in shape,
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the pellet sample will consist of 20% of air voids and 80% of Teflon (See details
in [10]). The air void radius rv is calculated using [10]





where r is the radius of a grain. The PE grains with a radius of 5 µm gives
corresponding air void radius of 1.96 µm. Air voids are further assumed to
be scatterers embedded in a homogeneous PE background medium. As the
PE grains are assumed to be packed tightly, the air voids between them are
assumed to be small 1.96 µm in radius. Figure 3.8 shows the diffuse specific
intensity from metal spheres in sample 1 and from air voids. The minimum
contrast is approximately 30 dB which is much higher than SNR in the THz TDS
measurement system. Therefore, the scattering effect from air voids between the
PE grains can be ignored. This is also the case for sample 2 because it has a
higher fractional volume of metal spheres than sample 1.
The scattering angles chosen from the RT calculations were θs = 159.9○,
θs = 139.7○, and θs = 120.2○ in transmission measurements and θs = −6.2○ in
reflection measurement which are closest to the scattering angles chosen for the
measurements.
The specific intensity calculated from the numerical simulation was converted
into intensity in order to compare theoretical results to measured results by using
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Figure 3.8: Results calculated from the RT model: (a) contrast between the
diffuse specific intensity from metal spheres in sample 1 and from air voids
(fv = 20%, a = 2 µm) in transmission mode (θi = 0○ and θs = 139.7○), and
(b) contrast between the diffuse specific intensity from the metal spheres in
sample 1 and that from the air voids in reflection mode (θi = 29○ and θs = −6.2○).
the following formula [36]:
I =∆ΩId ≈ πθ2dId (3.2)
where ∆Ω is the detector’s field of view (FOV), and the detector’s half angle
beam width, θd, is assumed to be small. The detector’s half angle beam width




where D is a linear dimension of a receiver and λ is a wavelength. Equation (3.3)
comes from the far-field beam width (full-width at half-maximum, FWHM) for
a radiator of linear dimension D using reciprocity theorem. The detector’s field
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of view can be calculated using Equations (3.2) and (3.3)
∆Ω ≈ πθ2d ≈ π( λ2D)2 ≈ π( c2Df )2 (3.4)
where c is the speed of light and f is a frequency. The detector’s half angle beam
width was approximated to be 4○ at 0.1 THz and the FOV is scaled to 1/f 2 as
frequency increases.
3.4 Results and Discussion
Figure 3.9(a) shows the comparison between the normalized intensity for the
measured data and that for the simulation results in transmission mode. For
sample 1, the measured intensity is approximately 1 dB lower than the simulated
intensity, and for sample 2, the measurement is approximately 2 dB lower than
the simulation. These differences are relatively small relative to comparisons for
RT theory in the literature [36].
Sample 2 has stronger attenuation than sample 1, which results in stronger
diffuse intensities in sample 2 than the diffuse intensities in sample 1 at θs = 160○,
θs = 140○, and θs = 120○ as shown in Figures 3.9(b), 3.9(c), and 3.9(d), respec-
tively. Both measured data and simulated results show these behaviors.
An interesting observation is that the diffuse intensity at θs = 140○ has one
distinct spectral feature as shown in Figure 3.9(c). Also, Figure 3.9(d) shows
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sample 2 (Data)
sample 1 (RT model)
sample 1 (Data)
(a) At θs = 180○






















sample 2 (RT model)
sample 2 (Data)
sample 1 (RT model)
sample 1 (Data)
(b) At θs = 160○





















sample 2 (RT model)
sample 2 (Data)
sample 1 (RT model)
sample 1 (Data)
(c) At θs = 140○





















sample 2 (RT model)
sample 2 (Data)
sample 1 (RT model)
sample 1 (Data)
(d) At θs = 120○
Figure 3.9: Comparison between the normalized intensity of measured data and
simulated results in transmission mode: (a) at θs = 180○, (b) at θs = 160○, (c) at
θs = 140○, and (d) at θs = 120○.
two distinct features at θs = 120○. The nulls appear in both simulations and
measurements. In contrast, there are no nulls in the simulations or measurements
at 180 and 160 degrees. The nulls might be due to Mie scattering of the steel
spheres.
Figures 3.9(c) and 3.9(d) show that the contrast between the measured data
and simulation results is sensitive to scattering angle. As the scattering angle
decreases from θs = 140○ to θs = 120○, the contrast increases. Also the contrast
is stronger at high frequencies. Possible causes for these differences will be
considered at the end of this section.
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Figure 3.10(a) illustrates the specular intensity for sample 1 in reflection
mode. The reflected intensity is the power spectral density of the first pulse in
the time domain in Figure 3.6 (C-1), which is the bounced wave at the upper
boundary surface. The reduced intensity is the power spectral density of the
second pulse in the time domain in Figure 3.6 (C-2), which is the bounced
wave at the lower boundary surface once but not multiple times. The measured
reflected intensity is approximately 3 dB lower than the simulated intensity, and
the measured reduced intensity is approximately 4 dB lower than the simulation,
which are relatively small.























2nd pulse (RT model)
2nd pulse (Data)
(a) At specular angle





















sample 2 (RT model)
sample 2 (Data)
sample 1 (RT model)
sample 1 (Data)
(b) At θs = -6
○
Figure 3.10: Comparison between the normalized intensity of measured data
and simulated results in reflection mode: (a) (1st pulse) the reflected intensity
bounced at the upper boundary of sample 1 and (2nd pulse) the summation
of the reduced intensity and diffuse intensity at specular angle. The reduced
intensity was bounced at the lower boundary once, but multiple times. The
diffuse intensity is negligible. (b) The diffuse intensity at off-specular angle
θs = −6○.
Figure 3.10(b) shows the comparison between the measurement and simula-
tion at off-specular angle in reflection mode. The experimental data is a few dB
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lower than the simulation results. The diffuse intensity for sample 2 is stronger
than sample 1 in both the experimental and simulated results. This is most
likely caused by the higher fractional volume of metal spheres in sample 2.
In conclusion, the RT model predicted that the reduced intensity for sam-
ple 2 (higher fractional volume of scatterers and thicker layer) attenuates more
strongly than that for sample 1 (lower fractional volume and thinner layer) and
the measured data showed the same results. Also, the RT model predicted
the diffuse intensities for sample 2 are stronger than those for sample 1 and
the measurements had the same results. Moreover, in both measurements and
simulations, one null at θs = 140○ and two nulls at θs = 120○ were shown in
transmission mode.
In general the RT simulations for diffuse intensity showed relatively good
agreement with the levels and trends observed in the measurements. However,
there was some small disagreement between the measurements and simulations
which increased with scattering angle and frequency. The exact cause for these
behaviors is not known at this time, but may be due to the way the experiment
was modeled. The calculations in Section 3.3 assumed that the PE grains were
packed as tightly as possible. Experimentally, this was accomplished by pressing
the PE grains together with a hydraulic press. However, the amount of pressure
and time needed to tightly compress the PE grains is unknown. Perhaps the size
42
and/or fractional volume of the air voids in the samples was sufficient to cause
significant scattering at higher frequencies. The techniques necessary to tightly
pack powder grains was not the primary topic of this research and remains an
open topic for future work.
In addition, in the model, the incident beam is an infinite plane wave, but in
the measurement, the incident beam is a finite quasi-Gaussian wave and the beam
size and distribution are frequency-dependent. The height and width of main
lobe and side lobes are also frequency-dependent. Also, in the model, an infinite
size of a slab of a homogeneous medium containing scatterers is assumed, but in
the measurement, the samples were a finite size with a diameter of 4 cm. Finally,
in the model, the detector is supposed to be a point detector which detects a
diffuse specific intensity in the observed direction, but in the measurement, the
size of the receiver was bigger than a point detector. It should be noted that
these differences are not related to the RT model itself, but to assumptions about
unknown parameters in the experimental setup.
Even though there were some small differences with experimental results, the
RT model is validated with the qualitative experimental results. Future work
could improve the experimental conditions to much closer to the ideal RT model




This chapter presents simulation results for diffuse scattering from granular me-
dia using the RT theories presented in Chapter 2. The diffuse scattering is
governed by various factors such as the material properties of the particles, their
sizes, and concentration (number of particles per unit volume) in the medium,
the material properties of the background media, the thickness of the medium,
the surrounding media, and the incident wavelength. The diffuse intensity from
volume scattering in granular media is investigated through simulations by vary-
ing these parameters supplied to the RT model.
4.1 Simulations of Diffuse Specific Intensity
The parameters of three materials, Teflon (polytetrafluroethylene: PTFE), lac-
tose (milk sugar), and composition-4 (C4) explosive grains are used for the dis-
crete random media in these RT simulations. Teflon is nearly transparent in
the THz band, i.e. there is no absorption of electromagnetic radiation, while
lactose and C4 have spectral absorption signatures in the THz frequency range.
The parameters of the three granular media used to simulate the diffuse specific
intensity from volume scattering are shown in Table 4.1.
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In these simulations, an important condition is that the parameter size, ka,
is too low to exhibit Mie resonance effects in the frequency spectra.
In the simulations for medium 1, the relationship between diffuse intensity
and factors such as grain size, concentration, and layer thickness is investigated.
Also, the angle dependence of the diffuse intensity is investigated. In the sim-
ulations corresponding to media 2 and 3, the relationship between the material
properties of the grains and the diffuse intensity is investigated by varying the
grain size, concentration, and layer thickness.
The diffuse specific intensity for medium 1 is calculated using the DMRT
model based on QCA. For media 2 and 3, the diffuse intensity is calculated
using the classical RT model for low fractional volume of scatterers (5%) and the
DMRT model based on QCA for high fractional volume (20%). The numerical
calculation is performed at 32 angular positions in the range 0○ ≤ θ ≤ 180○.
Both incident and scattered waves are assumed to have vertical polarization.
The incident angles are θ0i = 31.21○ and φ0i = 0○, and the scattering angles are
θ0s = 31.21○ and φ0s = 180○ in reflection mode, which is backscattering, and
θ2s = 148.79○ and φ2s = 180○ in transmission mode, respectively, as shown in
Figure 4.1.
45
Figure 4.1: Geometrical configuration assumed in RT simulation.
n0,n2 n1 np a (µm) fv (%) d (mm)
Medium 1 1 Teflon 1 2,38.8,100,200 1,2,4,8,16,20 5,20,100
Medium 2 1 1.30 lactose 25,50,100 5,20 5,10
Medium 3 1 1.46 C4 25,50,100 5,20 5,10
Table 4.1: Parameters for granular media used in simulations.
4.1.1 Simulation Results for Medium 1
Medium 1 consists of air voids in Teflon background. Teflon has low absorption
in THz frequency range and its refractive index, np = 1.433, is nearly constant
across frequency [18]. A slab of pressed Teflon grains with plane-parallel top
and bottom surfaces will contain air voids due to the granular structure of the
Teflon [10]. These air voids are assumed to be spherical scatterers embedded in
a homogeneous Teflon background medium.
The diffuse specific intensities from the Teflon slabs were calculated by vary-
ing the size of air voids and the thickness of the slabs. First, the diffuse specific
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intensities from the Teflon slabs for varying air void sizes were obtained and
shown in Figures 4.2(a) and 4.2(b) for reflection and transmission mode, respec-
tively.
The diffuse specific intensity for the smallest air voids (2 µm) increases with
frequency in both reflection and transmission mode. Since the fractional volume
of air voids in this medium is 1%, the dense media RT formulation will converge
to the classical RT formulation. In addition, the smallest air void is in the
Rayleigh regime because the size parameter ka = 0.06 at 1 THz. Thus, its
scattering coefficient will be proportional to k4a6. The figures show that the
diffuse intensity also has this dependency: the rate of increase is proportional to
the fourth power of the frequency.
In the diffuse specific intensity for 100 µm air voids, the rate of increase as a
function of frequency is lower than for Rayleigh scattering at high frequencies.
For the 200 µm air voids, the diffuse intensity increases a little at low frequencies
and decreases at high frequencies. These effects are due to the dependence of
scattering on the size parameter.
Next, the relationship between the thickness of the scattering layer and the
diffuse intensity is shown in Figures 4.3(a) and 4.3(b) for reflection and transmis-
sion mode, respectively. Figure 4.3(a) illustrates that a thicker layer increases
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a = 200 µm
a = 100 µm
a = 2 µm
(a) Reflection Mode




















a = 200 µm
a = 100 µm
a = 2 µm
(b) Transmission Mode
Figure 4.2: Diffuse specific intensity from medium 1 obtained by varying the size
of air voids: d = 5 mm and fv = 1%. (black curve) The curve is proportional to
f 4.
diffuse scattered intensity in reflection, but at high frequencies the diffuse in-
tensity increases more gradually with frequency. Figure 4.3(b) shows that the
diffuse intensity increases with slab thickness at low frequencies but it decreases
with the slab thickness at high frequencies in transmission mode. This indicates
that less energy is able to go all the way through the thick slab. Since the extinc-
tion coefficients (κe) for three cases are the same, the attenuation of the reduced
intensity depends solely on the slab thickness. As a result, the reduced intensity
for d = 10 cm is lower than that for d = 2 cm. According to conservation of
energy, the diffuse intensity for d = 10 cm must be higher than that for d = 2 cm
because the media are lossless.
Figure 4.4 illustrates that the diffuse intensity for thickness of d = 10 cm
increases in all directions in reflection mode, and decreases in transmission mode.
However, the added diffuse intensity from the thicker layer in all directions is
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higher than that from a thinner layer. The figure also shows diffuse specific
intensity depends on scattering angle.



















d = 10 cm
d = 2 cm
d = 0.5 cm
(a) Reflection Mode



















d = 10 cm
d = 2 cm
d = 0.5 cm
(b) Transmission Mode
Figure 4.3: Diffuse specific intensity from medium 1 obtained by varying the




















d = 10 cm
d = 2 cm






















d = 10 cm
d = 2 cm
d = 0.5 cm− 31.21°
(b) Transmission Mode
Figure 4.4: Diffuse specific intensity as a function of scattering angle at 1 THz.
As in Figure 4.3, a = 38.8 µm and fv = 20%.
Figure 4.5 illustrates the dependence of diffuse intensity on the fractional
volume of air voids. As shown in the figure, the diffuse specific intensity increases
linearly as a function of the fractional volume at low fractional volume but it
does not at high fractional volume. One reason is that the extinction rate is
not proportional to the fractional volume, as shown in Figure 2.4 in Chapter 2.
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Another explanation comes from the scattering angle dependence of the diffuse
intensity.





















fv = 16 %
fv = 8 %
fv = 4 %
fv = 2 %
(a) Reflection Mode





















fv = 16 %
fv = 8 %
fv = 4 %
fv = 2 %
(b) Transmission Mode
Figure 4.5: Diffuse specific intensity from medium 1 obtained by varying the
fractional volume of the air voids: a = 38.8 µm and d = 5 mm.
In conclusion, diffuse intensity changes as the particle size, fractional volume,
or thickness of scattering layer changes, but their relationship is not linear. In
addition, diffuse intensity depends on observation angle.
4.1.2 Simulation Results for Medium 2
Medium 2 consists of lactose grains in the background medium with refractive
index of 1.30. Unlike Teflon, lactose has sharp spectral signatures in the THz
frequency range. The real part of its permittivity is also much greater than
its imaginary part (ǫ′ >> ǫ′′) as shown in Figure 4.6 [37, 38]. Two minima can
be observed in the real permittivity of lactose at 0.56 and 1.39 THz, while two
maxima can be observed in the imaginary permittivity of lactose at 0.53 and
1.36 THz.
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Figure 4.6: Lactose permittivity: real part ǫ′ (upper curve) and imaginary part
ǫ′′ (lower curve) [37, 38].
Figure 4.7 shows the diffuse specific intensities obtained in reflection mode
with the parameters for medium 2 in Table 4.1. As the size of lactose grains
increases, the diffuse specific intensity increases for low frequencies. In contrast,
particle size has a decreasing effect on diffuse specific intensity at high frequen-
cies. This trend is similar to that of medium 1 whose increasing rate of specific
intensity as a function of frequency is low at high frequencies, however, the two
narrow spectral features of lactose are shown at 0.56 THz and 1.39 THz unlike
in the case of medium 1. These spectral features are unaffected by particle size,
fractional volume, or slab thickness. In reflection mode, the spectral features of
the real permittivity of lactose grains are shown in the diffuse intensity.
Figure 4.8 shows the diffuse specific intensities in transmission mode. As
either the fractional volume of the grains or the thickness of the medium changes,
the effect of grain size on the specific intensity changes. The two spectral features
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a = 100 µm
a = 50 µm
a = 25 µm
0.56
1.39
(a) fv = 5% and d = 5 mm




















a = 100 µm
a = 50 µm
a = 25 µm
0.56
1.39
(b) fv = 20% and d = 10 mm
Figure 4.7: The diffuse specific intensities in reflection mode for medium 2 in
Table 4.1.
of lactose are also shown in the transmission mode data. Interestingly, the
narrow spectral feature at 1.39 THz changes shape and is displaced slightly in
frequency as the fractional volume increases for the case of 100 µm lactose grains
with fv = 20% and d = 10 mm as shown in Figure 4.8(b). The 1.39 THz feature
appears to be shifted down to 1.35 THz. This indicates that the 1.36 THz feature
in the imaginary permittivity might strongly influence the diffuse spectra and
distort the 1.39 THz feature in the real permittivity.





















a = 100 µm
a = 50 µm
a = 25 µm
0.56
1.39
(a) fv = 5% and d = 5 mm





















(b) fv = 20% and d = 10 mm
Figure 4.8: The diffuse specific intensities in transmission mode for medium 2
in Table 4.1.
In this medium, the spectral features of lactose are shown in the diffuse
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intensity spectra in both reflection and transmission mode, but for 100 µm lactose
grains with 20% of fractional volume, the high frequency spectral feature is not
shown in transmission mode. The diffuse specific intensity was strongly governed
by scattering effects in both reflection and transmission modes, but as the size of
the lactose grains increases to 100 µm and the fractional volume of grains is 20%,
the absorption of the large lactose grains affects the diffuse specific intensity in
transmission mode, modifying the high frequency spectral feature.
4.1.3 Simulation Results for Medium 3
Medium 3 consists of C4 grains in the background medium with refractive in-
dex of 1.46. Explosive composition 4 (C4) has spectral signatures in the THz
frequency range, but the imaginary part of its permittivity is much greater than
that of lactose as shown in Figure 4.9 [39].
















Figure 4.9: C4 permittivity: real part ǫ′ (upper curve) and imaginary part ǫ′′
(lower curve) [39].
53
Figure 4.10 shows the diffuse specific intensities obtained using the parame-
ters for medium 3 in Table 4.1 in reflection mode. The diffuse specific intensity
for each grain size has its own unique spectral shape. At high frequencies, the
diffuse intensity for the smallest grain size (25 µm) is strongest while at low fre-
quencies the diffuse intensity for the largest grain (100 µm) dominates. In Figure
4.10(c), the narrow features at 0.9 THz and 1.09 THz come from the spectral
features of the real permittivity of C4, while the narrow features at 1.38 THz
and 1.52 THz come from the spectral features of the imaginary permittivity.
However, the 0.67 THz feature shown in the specific intensity corresponding to
the 100 µm C4 grains does not correspond to a C4 spectral feature. These results
suggest the estimation of material properties of particles in reflection mode may
be complicated due to the dependence of the diffuse intensity on both scattering
and absorption.
Figure 4.11 shows the diffuse specific intensities in transmission mode. In
contrast to the diffuse specific intensity in reflection mode, the diffuse specific
intensity for different grain sizes has similar spectra, and the overall amplitude
is proportional to grain size. The degree of this grain size dependence changes
with the fractional volume and the thickness of the slab. This is most clearly
illustrated in the case of fv = 20% and d = 10 mm, the grain size has little effect
on the diffuse intensity. The attenuation is also very high, so there are deep
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a = 100 µm
a = 50 µm
a = 25 µm
(a) fv = 5% and d = 5 mm




















a = 100 µm
a = 50 µm
a = 25 µm
(b) fv = 5% and d = 10 mm
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a = 50 µm




(c) fv = 20% and d = 5 mm




















a = 100 µm
a = 50 µm
a = 25 µm
(d) fv = 20% and d = 10 mm
Figure 4.10: The diffuse specific intensities in reflection mode for medium 3 in
Table 4.1.
nulls at frequencies corresponding to bands of high absorption. In particular, the
sharpest null is located at 0.8 THz, corresponding to the peak of the strongest C4
absorption feature as shown in Figure 4.9. In transmission mode, the absorption
peaks in the imaginary permittivity of C4 grains are shown, although some peaks
are shifted by a few tens of GHz. This suggests absorption affects dominate
scattering effects in this case.
In conclusion, because of strong absorption characteristics of C4, the diffuse
spectra retains unchanged the absorption peaks of C4 in transmission mode.
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(b) fv = 5% and d = 10 mm
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(c) fv = 20% and d = 5 mm




















 a = 100 µm
a = 50 µm





(d) fv = 20% and d = 10 mm
Figure 4.11: The diffuse specific intensities in transmission mode for medium 3
in Table 4.1.
However, the scattering characteristics in reflection mode affects the diffuse in-
tensity and changes the spectra of the diffuse intensity. Therefore, the diffuse
intensity in reflection mode for C4 grains shows complicated spectra due to both
scattering effects and material absorption.
4.2 Conclusion
Table 4.2 summarizes the simulation results for the three granular media. In
medium 1, there are no spectral features because the intrinsic properties of Teflon
display no spectral features. In addition, the simulation results showed that the
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size of air voids, the thickness of the slab, and the fractional volume all affect the
diffuse scattering. Furthermore, dependence of the diffuse intensity on scattering
angle was indicated.
Medium 2 contains lactose grains which have THz spectral signatures, and
scattering effects are much stronger than absorption in this medium. The sim-
ulation results for medium 2 show that the diffuse intensity has similar spectral
features to the real permittivity of lactose due to the strong influence of scat-
tering. However, for large particles 100 µm in radius, absorption effects start to
influence the transmission spectra especially at high frequencies.
Absorption is much stronger than scattering in medium 3, which contains C4
grains. The absorption peaks of the C4 grains dominate the diffuse spectra in
transmission mode. However, in reflection mode, both the real permittivity and
imaginary permittivity influences the diffuse spectral returns.
In conclusion, the diffuse intensity in granular media is affected by grain
size and fractional volume, as well as thickness of the media and the material
properties of the grains. The diffuse intensity is governed by the extinction rate
(absorption + scattering) of the medium and the scattering due to the grains.
The effect of absorption on transmission spectra is shown to be stronger than in
reflection mode spectra. Conversely, the scattering effects in reflection mode are
shown to be stronger than in transmission mode. Thus, under certain conditions
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Medium 1 Medium 2 Medium 3
(air voids in (lactose grains) (C4 grains)
Teflon slab)
THz spectral no yes yes
signature






reflection no spectral spectral features complicated
mode features of real permittivity (real + imag
permittivity)
features
transmission no spectral spectral features spectral
mode features of real permittivity features of
but imaginary
for a = 100 µm, fv = 20% permittivity
feature distortion
at high frequency
Table 4.2: Material properties of three granular media and their influence on
diffuse intensity spectra
(e.g. no Mie resonances), a medium containing grains with THz spectral features
might be able to be identified from diffuse scattering intensity. Complications
may arise due to the combined influence of absorption and scattering effects.
This chapter explored the diffuse scattering from granular media using simu-
lations based on scattering models. However, the dense media RT model software
has some limits: the size parameter ka is limited to approximately 2.5 and only
lossless background media can be applied. Thus, an improved dense media RT
model without these limitations could be used for more realistic cases such as
80% of explosive material and 20% of plastic filler and air voids in explosives.
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Chapter 5
Conclusions and Future Work
5.1 Conclusions
The terahertz frequency region of the electromagnetic spectrum has recently
become available for scientific study and holds great promise for spectroscopic
identification of materials. Earlier work studied THz wave propagation and its
scattering in layered random media. Some research has also been done in the
areas of rough surface scattering effects on reflection, and volume scattering
effects on transmission measurements. However, until now little research has
been done in the area of diffuse volume scattering. The goal of this thesis was to
study THz diffuse scattering from layered random media. This was conducted
by modeling diffuse scattering using radiative transfer (RT) theory for the first
time in THz sensing.
Since RT theory deals with the transport of energy in random media, it is
mathematically simple, and therefore practical to apply in scattering problems.
Polarization and multiple scattering effects were included by using the vector ra-
diative transfer equation and solving the equation numerically. Since RT theory
(called classical RT theory) is limited to low fractional volume (less than 5%),
dense media radiative transfer (DMRT) theory based on QCA for dense media
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was applied to the case for high fractional volume. The scenarios considered in
this study were limited to detection of spherical particles composed of a material
of interest in a PE background, because the DMRT model assumes that lossy
particles are suspended in a lossless background medium. The numerical solu-
tions for the two RT models were implemented in MATLAB and their accuracy
was validated by testing the conservation of energy.
The RT model was validated by laboratory measurements using two com-
pressed PE pellets containing steel spheres. The measurement results showed
two extreme cases of energy redistribution. For highly scattering medium, the
reduced intensity is strongly attenuated. This energy is redistributed in the form
of diffuse intensity, so the diffuse intensity is very strong. For weakly scattering
medium, there is very little diffuse intensity and therefore the change in the re-
duced intensity is also small. Also, angle dependent spectral features due to Mie
scattering were observed.
Diffuse volume scattering from random media containing Teflon, C4 explo-
sive, and lactose sugar grains were investigated using RT models. The simulation
results showed that the diffuse intensity was affected by the material properties
of grains as well as other factors such as grain size, fractional volume of grains,
thickness of scattering layer, and scattering angles. The medium containing
grains with THz spectral features showed some spectral features in its diffuse
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intensity spectra. The absorption effect was observed in transmission mode and
the scattering effect was clearly visible in reflection mode. The simulation results
indicated that it is possible to identify materials from diffuse intensity spectra
under certain conditions.
In this thesis, radiative transfer model was used for THz sensing for the
first time. The numerical solutions of RT equations were implemented in MAT-
LAB. Also, The RT model predictions were validated by measurements using
compressed PE pellets containing steel spheres. Moreover, the simulation re-
sults using the RT models indicate that a medium containing grains with THz
spectral signature might be able to be identified from diffuse intensity spectra.
5.2 Future Work
This thesis work was focused on only diffuse volume scattering for granular
medium with planar boundaries. It could also be extended to rough surface
boundaries, so the diffuse scattering from both volume scattering and surface
scattering could be studied. The limitation of the DMRT model software could
be obviated by extending the validation from the parameter size (ka ≈ 2.5)
to high parameter. The background medium could be changed from lossless
background to lossy. Furthermore, the transient RT theory could be applied to
the broadband THz sensing and compared to time domain measurements.
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In this work, Mie size metal spheres were used in measurements, but vari-
ous materials could be used for samples to obtain diffuse scattering; especially
materials with THz spectral signatures, such as lactose, could be good material
to detect its material properties. Also, a medium with high fractional volume
of particles such as dense medium could be used to observe the relationship be-
tween fractional volume and diffuse scattering. Furthermore, samples containing
particles with rough surface could be used in measurement and cross polarization
measurements could be conducted.
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1) Phase Matrix For Independent Scattering




∣fvv ∣2 ∣fvh∣2 Re(fvvf∗vh) −Im(fvvf
∗
vh)




























where no is the number of particles per unit volume. The components of the
above matrix fab obtained from Cheung [40] represent the scattering amplitude
function for a single spherical particle from Lorentz-Mie theory, including the ro-
tation of the coordinate system to express it conveniently in a general coordinate
system for multiple scattering [40, 41].
The scattering amplitude function including the rotation of the system is as
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follows:
fvv = (l, l)T1 + (r, r)T2,
fvh = −(r, l)T1 + (l, r)T2,
fhv = −(l, r)T1 + (r, l)T2,
fhh = (r, r)T1 + (l, l)T2,
(l, l) = [(1 − µ2)(1 − µ′2)]1/2 + µµ′cos(φ′ − φ),
(l, r) = −µ′sin(φ′ − φ),
(r, l) = µsin(φ′ − φ),
(r, r) = cos(φ′ − φ),
T1(χ) = Arr(χ) − χAll(χ)
1 − χ2 ,
T2(χ) = All(χ) − χArr(χ)
1 − χ2 ,
χ = cosΘ = [(1 − µ2)(1 − µ′2)]1/2 cos(φ′ − φ) + µµ′,
All = S2/jk,
Arr = S1/jk, (2)
where S1 and S2 are the scattering amplitudes representing the relationship









n(n + 1)(anτn + bnπn), (4)
where an and bn are the scattering coefficients from Mie theory.
2) Phase Matrix For DMRT
The phase matrix for dense media radiative transfer theory is derived from [29].
The parameters All = S2/jk and Arr = S1/jk are replaced with All = f22, and
Arr = f11 in Equation (2), where f11 and f22 are not the scattering amplitudes,
but are defined as follows [29]:










× [T (M)n X(M)n τn(cosΘ) + T (N)n X(N)n πn(cosΘ)] (5)










× [T (M)n X(M)n πn(cosΘ) + T (N)n X(N)n τn(cosΘ)] (6)
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The QCA/DMRT phase matrix is
P = q(Θ)
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∣fvv ∣2 ∣fvh∣2 Re(fvvf∗vh) −Im(fvvf
∗
vh)




























where q(Θ) = noS(Θ) and S(Θ) is structure factor, defined as S(Θ) = 1 +
no(2π)3H(Θ). Here, H(Θ) is
H(Θ) = 1(2π)3 ∫
∞
−∞
dre−ip⋅r(g(r) − 1), (8)
where p = [Re(K)2 + k2 − 2kRe(K) cosΘ]1/2, and g(r) is Percus-Yevick pair dis-
tribution function for hard spheres.
73
Appendix B
Reflectivity Matrix and Transmissivity Matrix
The reflectivity matrix and the transmissivity matrix are identical to Equations
(7.2.93) and (7.2.95) from [24].
The reflectivity matrix is given by [24]
R(θi) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
rv(θi) 0 0 0
0 rh(θi) 0 0
0 0 Re [Rv(θi)R∗h(θi)] −Im [Rv(θi)R∗h(θi)]
0 0 Im [Rv(θi)R∗h(θi)] Re [Rv(θi)R∗h(θi)]
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (1)
where θi is the incident angle in medium 1 at the interface with medium 2 and the
subscripts v and hmean the vertical polarization and the horizontal polarization,
respectively.
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tv(θi) 0 0 0
0 th(θi) 0 0
0 0 c(θi) Re [Tv(θi)T ∗h (θi)] −c(θi) Im [Tv(θi)T
∗
h (θi)]






where c = cosθt
cosθi
and the angle θt is the transmitted angle of θi from Snell’s law.
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Appendix C
Numerical Solution for Diffuse Intensity
Shin [22] and Wen [27] solved the vector radiative transfer equations for inde-
pendent Rayleigh scattering and dense medium Rayleigh scattering, respectively.
The procedures for solving VRTE for independent Mie scattering numerically
follows Shin and Wen’s solutions and the notation will be similar.
The first step in solving the radiative transfer equation for diffuse intensity
is to apply a Fourier series expansion in the azimuthal direction to the spe-
cific intensity and the phase matrix, which results in θ and z dependence and
independence of φ in the RT equation.
The Fourier series expansions of the specific intensity and the phase matrix
are
Ī(θ, φ, z) = ∞∑
m=0
[Īmc(θ, z) cos m(φ − φi) + Īms(θ, z) sin m(φ − φi)] (1)
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and
P (θ, φ; θ′, φ′) = ∞∑
m=0
[Pmc(θ, θ′) cos m(φ − φ′) + Pms(θ, θ′) sin m(φ − φ′)] , (2)
where φi is the incident angle in the φ direction, and the superscript mc and ms
are the mth order harmonic of the Fourier series expansion with cosine and sine
dependence in the φ direction, respectively.
These equations are substituted into the RT equation, and then integration is
carried out with respect to φ′ using the trigonometric addition formulas and the
orthogonality of trigonometric functions. Next, after collecting and rearranging




Īmαd (θ, z) = −κeĪmαd (θ, z) + (1 + δm)π∫ π
o
dθ′ sin θ′P
mα(θ; θ′) Īmαd (θ′, z)
+ P
mα(θ; θ1i) J̄mα1 (θ1i) exp [−κe(z + 2d)secθ1i]
+ P
mα(θ;π − θ1i) J̄mα2 (θ1i) exp(κe z secθ1i), (3)
where α is an even or odd term, which is rearranged sine term and cosine term.
77
The even and odd terms of specific intensity are defined as






































































































(θ, θ1i) and J̄mα2 (θ, θ1i) are
J̄mα1 (θ, θ1i) = n20 cos θ0in2
1
cos θ1i
F (θ1i)R12(θ1i)T 01(θ0i)Īmα1i (π − θ1),
J̄mα2 (θ, θ1i) = n20 cos θ0in2
1
cos θ1i
F (θ1i)T 01(θ0i)Īmα1i (π − θ1). (7)
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The next step is to use the Gaussian quadrature method to discretize the




Īmαd (µk, z) = −κeĪmαd (µk, z) + (1 + δm)π N∑
j=−N
ajP
mα(µk, µj) Īmαd (µj, z)
+ P
mα(µk;µ1i) J̄mα1 (µ1i) exp [−κe(z + 2d)/µ1i]
+ P
mα(µk;−µ1i) J̄mα2 (µ1i) exp(κe z /µ1i). (8)
The discretizing angles µk = cos θk are the zeros of the Legendre polynomial
P2N(µ), k = −N,−N + 1,⋯,−1,1,⋯,N − 1,N and the weight aj is referred to as
the Christoffel number.
We can rewrite Equation (8) in compact matrix form such that
d
dz
Imαd (z) + SmαImαd (z) = Bmα1 exp [−κe(z + 2d)/µ1i] +Bmα2 exp(κez/µ1i), (9)
where Imαd is a 8N × 1 vector, S
mα is a 8N × 8N matrix, and Bmα1 and B
mα
2 are









Īmαd (µN , z)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, and (10)




































































Equation (9), which is a linear first order differential equation in matrix form,
has particular solutions and homogeneous solutions. The particular solution has
the following form
Imαp = amα1 exp [−κe(z + 2d)/µ1i] + amα2 exp(κe z/µ1i). (13)
Substituting the particular solution into Equation (9), we can obtain coeffi-
cients
amα1 = [Smα − κeµ1iU]
−1
Bmα1 , and (14)




where U is an 8N × 8N identity matrix.




mαImαh = 0, (16)
Imαh = bmαe−λz. (17)
Substituting the general solution into the homogeneous equation, we have
a matrix eigenvalue problem with eigenvalues λ and eigenvector b. The homo-
geneous solution can be obtained using a linear combination of all eigenvectors
with coefficients, Cn.







n exp(−λmαn z). (18)
Thus the summation of Eq. (13) and Eq. (18) is the diffuse intensity,




n exp(−λmαn z). (19)
The final step is to calculate the unknown coefficients Cn using the boundary








(z = −d) = R12Imα− (z = −d), (20)
where Imα
+












As a result, we have two equations;
(amα1,− −R10 amα1,+ )e−κe2d/µ1i + (amα2,− −R10 amα2,+ ) + (b̂mα− −R10 b̂mα+ )Cmα = 0 (22)
and
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(amα1,+−R12 amα1,− )e−κed/µ1i+(amα2,+−R12 amα2,− )e−κed/µ1i+(b̂mα+ −R12 b̂mα− ) Lmα Cmα = 0,
(23)
where Lmα is an 8N × 8N matrix,
Lmα = diag [exp(λ1 d), exp(λ2 d),⋯, exp(λ8N d)] , (24)
and b̂
mα
is an 8N × 8N matrix,
b̂















Combining Equations (22) and (23), we have a single matrix equation
Dmα +MmαCmα = 0, (26)
































The coefficients Cmα = (Mmα)−1 Dmα are substituted into Equation (19).
With the even and odd terms of diffuse intensity in Equation (19), and after
rearranging the cosine and sine terms of the diffuse intensity, we can obtain the
final solution of diffuse intensity with φ dependence by substituting the cosine
and sine terms into Equation (1).
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